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The interaction between the pore-forming peptide melittin (MLT) and giant phospholipid vesicles was explored experimentally.
Micromanipulation and direct optical observation of a vesicle (loaded with sucrose solution and suspended in isomolar glucose solution)
enabled the monitoring of a single vesicle response to MLT. Time dependences of the vesicle size, shape and the composition of the inner solution
were examined at each applied concentration of MLT (in the range from 1 to 60 μg/ml). The response varied with MLT concentration from slight
perturbation of the membrane to disintegration of the vesicle. A model for MLT–vesicle interaction is proposed that explains the observed
phenomena in the entire span of MLT concentrations and is consistent with deduced underlying mechanisms of MLT action: trans-membrane
positioning and dimerization of MLT, the lipid flow from the outer to the inner membrane leaflet induced by MLT translocation, formation of
pores and the consequent transport of small molecules through the membrane. The results of the theoretical analysis stress the role of dimers in the
MLT–membrane interaction and demonstrate that the MLT-induced membrane permeability for sugar molecules in this experimental set-up
depends on both MLT concentration and time.
© 2007 Elsevier B.V. All rights reserved.Keywords: Membrane permeability; Tension pores; Directed lipid flow; Lysis; Dimers1. Introduction
Melittin (MLT), the main constituent of Apis mellifera
honeybee venom, is one of the natural antimicrobial peptides
that target phospholipid bilayers of cell membranes. Though
diverse in their molecular and secondary structures antimicrobial
peptides all exhibit similar effects on cells [1,2], and numerous
results indicate that the common mechanism of their action is
formation of trans-membrane pores. The ability to form pores
makes these peptides interesting for possible use in gene and
drug delivery, anti-infective therapeutics and biotechnology.
MLT is certainly the most thoroughly studied pore-forming
peptide and its effects on cells and model lipid membranes are
well documented (reviewed by Dempsey [3]). It consists of 26
amino acids and binds rapidly to lipid membranes [4,5]. MLT
molecule forms an α-helix when in contact with a lipid layer [4]
and lies between the glycerol heads of lipid molecules of the
outer membrane layer [6], oriented parallel to the plane of the⁎ Corresponding author.
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doi:10.1016/j.bbamem.2007.02.015membrane [6,7,8]. A bound MLT monomer contributes about
2.2 nm2 to the area of the layer [9]. The amount of bound MLT
monomers is proportional to the concentration of the peptide in
the solution [10]. A threshold surface concentration of MLT has
to be exceeded to enable the permeabilization of the membrane:
it was shown by the method of oriented circular dichroism
[8,9,11], neutron [11] and X-ray [6] diffraction measurements
and NMR spectroscopy [4,12] that with increasing MLT con-
centration the association ofMLTmolecules, reorientation of the
helices into transmembrane configuration and formation of
oligomeric pores are promoted. Cooperativity ofMLTmolecules
in the pore-forming process and the requirement of a critical
peptide concentration in the vesicle membrane to induce leakage
was evidenced also in the experiments that explored the dye-
leakage from lipid vesicles, where a sigmoidal dependence of the
dye-leakage signal on the concentration of MLT and some other
pore-forming peptides was obtained [13,14].
In the kinetics of pore formation dimerization appears to be a
rate-limiting step [5,6,13,15]. The initial rate of pore formation
increases with the square of the MLTconcentration [15]; at given
MLTconcentration it is initially large, but is reduced considerably
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two leaflets by translocation [5,13]. The size of the pores
increases with increasing peptide-to-lipid ratio [5,13,16].
Because several lipid molecules are also involved in the pore
edge, the pores are best described as toroidal [11,13,17,18]. The
inner diameter of the MLT pore has been reported as ranging
from 1 to 6 nm [19], 1.3 to 2.4 nm [13] and 2.5 to 3 nm [16].
In the studies of the interaction between proteins and lipid
vesicles the assemblies of marker-loaded liposomes with
diameters below 1 μm were used in most cases [as in 5,10,
15,16,19–21]. In such an experimental system the behavior of
the affected vesicles is deduced indirectly through the
interpretation of the obtained fluorescence signal. The obtained
results are averaged, which may cause a loss of some
information. We therefore wanted to monitor the response of
the vesicles to MLT directly and continuously. Due to their size
the giant unilamellar vesicles (GUVs) are a suitable model for
cell membranes and furthermore permit the direct optical
observation of the vesicle–peptide interaction. Continuous
observation of a single giant vesicle revealed the utility of the
approach when studying the mechanisms of pore-forming
protein induced membrane permeability [22]. In the work of
Longo et al. [23] the GUVs were also used in this context: in
order to determine the peptide insertion via the measurements of
the bilayer area expansion the vesicle was constantly held by
micropipette aspiration. In an attempt to more closely mimic the
cell–peptide interactions in vivo we have designed the
experimental system where we could study the action of MLT
and observe the induced morphological changes on the
membrane of a single giant vesicle without the influence of
any external forces. The used vesicles contained sucrose
solution and were by a micropipette transferred into an isomolar
glucose solution where they were exposed to a wide range of
MLT concentrations (1–60 μg/ml). The shape of the vesicle and
changes in the composition of the sugar solution inside the
vesicle were monitored continuously by phase-contrast micro-
scopy. Analysis of the results combined with the existing
knowledge led to a consistent explanation of the concentration
and time dependent effects of MLTon the vesicles from the first
contact with the peptide to the final state of the vesicle.
Visualizing the effects of MLT offers new insights into the
mechanisms of MLT action through the analysis of the observed
morphological changes of the responding vesicle. While on one
hand many of the deduced mechanisms are already known and
studied (i.e. pore formation, the dependence of the pore size on
MLTconcentration…) we are, on the other hand, able to propose
new details in the picture of the MLT–membrane interaction. In
the present paper we deduce the important role dimers have
already at MLT concentrations where the membrane is not yet
permeabilized. We present a theoretical frame which leads us to
a conclusion that MLT molecules are translocating across the
bilayer mostly in the form of dimers; we argue that the
translocation of dimers induces the net flow of lipid molecules
from the outer to the inner membrane leaflet. In the range of
MLT concentrations that induce membrane permeabilization we
deduce the time dependence of the membrane permeability for
sugar molecules.2. Materials and methods
2.1. Materials
Vesicle membranes were made from phosphatidylcholine (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti Polar Lipids Inc.,
Alabaster, AL)). The powder was dissolved in 2:1 (v/v) chloroform–methanol
to 1 mg/ml and stored at −15 °C.
Anhydrous, pro-analysis (p.a.) glucose and p.a. sucrose (Fluka BioChemica,
Switzerland) were used without further purification. Sugar solutions were
buffered at pH 7.4 with Trizma buffer (Trizma base and Trizma hydrochloride)
to 0.15 mM final buffer concentration. Buffer components were obtained from
Sigma Chemical Co. (St. Louis, MO).
Phospholipid vesicles were prepared by electro-formation by the method
of Angelova et al. [24], slightly modified: the procedure of vesicle
preparation and the experimental equipment for vesicle manipulation and
observation is described in detail in Mally et al. [22]. The vesicles produced
this way are mostly spherical with diameters from 10 to 100 μm, are mostly
unilamellar and vary little in their flaccidness. They were prepared to contain
0.2 M sucrose solution and were suspended in isomolar glucose solution.
While the experience shows that the vesicles produced by this method may
have tethers and other protuberances when fresh, we used the vesicles at least
1 day old to allow the membrane to achieve its relaxed state. Namely, the
control experiments with epifluorescence microscopy (not shown) demon-
strated that after 24 h the majority of vesicles is without the tethers and
protuberances.
Melittin was from Calbiochem, Merck Biosciences, Darmstadt, Germany
and was more than 97% purified by HPLC (the producer's data). A 1 mg/ml
stock solution in water was stored at 4 °C and was diluted in buffered glucose
solution to final MLT concentration (1–60 μg/ml) for each experiment.
The osmolalities of sucrose, glucose and melittin/glucose solutions were
measured and the results showed that the solutions were 200 mosM±3 mosM;
the deviations are thus in the range of the accuracy of the osmometer (1% of the
measured value). In the control experiments we were ascertained that
milliosmolal differences of the solutions do not induce any changes on the
observed vesicle (as for example in its shape or composition of its inner
solution).
2.2. Experimental procedures
The vesicles containing 0.2 M sucrose solution were suspended in isomolar
glucose solution, because we wanted them to sink to the bottom of the
experimental chamber to obtain an optimal image with the inverted phase-
contrast microscope. Vesicles were selected one at a time with the criteria (based
on experience with phase-contrast microscopy) that they had no visible
protuberances and seemed to be unilamellar. Namely, the phase-contrast image
of multilamellar vesicles is slightly different and the vesicles fluctuate less. If
nevertheless a multilamellar vesicle was chosen, it was later discarded from the
analysis as its interaction with melittin led to the behavior different than the
behavior of most of the vesicles in the given MLT concentration interval. The
chosen vesicle was aspirated into a micropipette filled with glucose solution, and
transferred into the chamber which was filled with 0.2 M glucose solution
containing MLTat a given concentration. Due to the vast volume of the chamber
compared to the size of the vesicle only a negligible fraction of MLT molecules
binds to the vesicle membrane and we can say that the concentration of free MLT
in the external solution remains the same. All experiments were carried out at
room temperature.
When observed in the glucose solution, vesicles with entrapped sucrose
solution appear dark against the background under an inverted phase-contrast
microscope, as the refraction index of the sucrose solution is higher than that of
the glucose solution at the same concentration. Awhite halo, characteristic of a
phase-contrast image, appears around the vesicle (Fig. 1A) and is detected as a
brightness peak on the densiometric graph (Fig. 1B) of the image. The height of
the halo peak depends on the difference of the refraction indices of the object and
its surroundings, the size of the observed object, and on the properties of the
microscope [25]. In our experiment, the halo height was defined as the
difference between the brightness level of the halo peak and the average
brightness of the vesicle surroundings.
Fig. 1. A halo around the vesicle. (A) A phase-contrast image of the vesicle
with different inner and outer sugar solutions. A black line denotes a cross-
section along which a brightness profile is measured in figure (B). (B) A
densiometric plot. The brightness profile is plotted along the indicated line in
the image (A) of the vesicle. The halo height is defined as the difference
between the brightness level of the halo peak and the average brightness of the
vesicle surroundings.
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vesicle contents (the calibration curve), vesicles containing different mole
percent of sucrose (sucrose fraction) in the 0.2 Mmixture of sucrose and glucose
were suspended in the 0.2 M glucose solution (Fig. 2).
The surface area of the globular part of the vesicle (i.e. the spherical central
part of the vesicle without potential inner or outer protuberances, denoted as Ag)
was also measured in each experiment. In cases when the vesicle did not
fluctuate, its shape was approximated by a sphere. From the measured radius Ag
and the volume of the vesicle (V) were determined. When vesicles became
flaccid and elongated, they were approximated by an ellipsoid; two of its axes
were measured and the third determined by assuming a constant vesicle volume.Fig. 2. The calibration curve. The dependence of the height of the intensity peak
in the densiometric plot of the vesicle image on different mixtures of 0.2 M sugar
solutions (sucrose and glucose solution) inside the vesicle, for vesicles with radii
around 30 μm in the environment of isomolar glucose solution. Results are
shown as averages of at least five independent measurements with error bars
indicating the standard deviation.3. Results
3.1. Observations
The effects of MLT fall into four distinct regimes, cor-
responding to different concentration ranges. At the lowest
range (1–3 μg/ml) the effects are seen only as perturbations of
the membrane. A few minutes after the transfer of the vesicle
into the external solution containing MLT, long, thin protuber-
ances (tethers) on the outer side of the membrane were formed
and the membrane became tensed. After a certain time, the
membrane began to fluctuate and the protuberances slowly
thickened and shortened until they merged with the globularpart of the vesicle membrane (compare the tethers, marked with
arrows, in Fig. 3A at 15, 18 and 20 min after the beginning of
the experiment), and Ag increased. When the outer protuber-
ances disappeared, Ag started to decrease, while the membrane
fluctuations persisted. After some time the fluctuations seized,
the vesicle membrane became tensed again and numerous
protuberances that were not observed in the beginning of the
experiment were now seen on the inner side of the membrane
(marked in Fig. 3A at 30 min with a short gray arrow). The light
grey color of the beads implies that the beads contain glucose
solution (in contrast to the darker sucrose solution within the
giant vesicle) evidencing that these are the inner protuberances
that during their formation encapsulated the outer solution. No
further changes were observed afterwards. The vesicle radius
and the halo at the end of the observation were the same as
immediately after the transfer, implying that the vesicle content
(volume and sugar composition of the inner solution) was
preserved. The time dependence of Ag was determined for four
different MLT concentrations in this concentration range (Fig.
4). The time taken for the maximal Ag to be achieved was
shorter the higher the MLT concentration. The onset of
membrane fluctuations coincided with the beginning of the Ag
increase and the time interval of the fluctuation phase is longer
for the initially more flaccid vesicles.
At medium concentrations of MLT (3–7 μg/ml) the vesicle
halo was decreasing with time, implying the diminishing of the
sucrose fraction in the vesicle inner solution (Fig. 3B).
Periodical bursts were observed during which a membrane
opens, a part of the inner solution is ejected and after which the
membrane is resealed. From video clips we estimated that a
typical burst lasts about 0.1 s. In this concentration range we
could measure the time dependence of the sucrose fraction
inside the vesicle (Fig. 5A) and the time intervals between
successive bursts (Fig. 5B) at different MLT concentrations. At
all MLT concentrations, the time intervals between the
Fig. 3. The time dependence of the vesicle response to the action of different concentrations of MLT. (A) Concentration of MLT is 1 μg/ml. The arrows show the
protuberances: white arrows refer to the (same) tether on the right and black arrows to the tether on the left side of the vesicle, while the short gray arrow points to the
beads inside the vesicle at the end of the experiment. The focal plane is suitably moved to obtain the sharpest image of the protuberances and to allow the demonstration
of the shortening and thickening of the tethers. (B) Concentration of MLT is 4 μg/ml. The vesicle is bursting periodically and diminishing in size, and the vesicle halo is
disappearing. (C) Concentration of MLT is 10 μg/ml. In less than a minute after the transfer into the environment with MLT the vesicles disintegrate completely. (D)
The concentration of MLT is 40 μg/ml. The vesicle halo fades rapidly after the transfer, and afterwards the surface area increases with time.
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also observed to decrease with time with different rates for
different vesicles. The dependence of radius on time was found
to be linear (Fig. 6).
At high concentrations of MLT (7–12 μg/ml), complete lysis
and disintegration of the vesicles was observed in less than a
minute after the vesicle was transferred into the environment
containing MLT (Fig. 3C).
At concentrations higher than 12 μg/ml, the vesicles again
survived the interaction with MLT. The halo of the vesicle
diminished rapidly (Fig. 3D) and the vesicle surface area was
observed to increase with time (Fig. 7). In this concentration
range (12–60 μg/ml) the time dependence of the vesicle surface
area was measured, and the rate of its increase was found to be
greater at higher MLTconcentrations. After more than 20 min atthe highest MLT concentrations the enlargement of the vesicle
membrane was finally followed by slow but complete
disintegration of the membrane.
3.2. Analysis of the observations and proposal of a theoretical
model
On the basis of our observations and taking into account
known facts about MLT-induced changes in lipid membranes
we tried to obtain a consistent picture of MLT–membrane
interactions for the entire span of applied MLT concentrations.
MLT molecules bind rapidly to the membrane as monomers,
oriented parallel to the plane of the membrane [4,5,7,8]. The
amount of bound MLT monomers is proportional to the
concentration of the peptide in the solution [10]. With increase
Fig. 4. The surface area of the globular part of the vesicle (Ag) relative to that of
the globular part of the tensed vesicle (Agt) as a function of time at four different
MLTconcentrations: 1 μg/ml (A), 1.5 μg/ml (B), 2 μg/ml (C) and 2.5 μg/ml (D).
For each concentration, different symbols (○, •, □, ▪ and Δ) represent
different vesicles, which have different initial flaccidity. The measured Ag is
largest when the vesicles fluctuate most severely: at about 20 min (A), 13 min
(B), 10 min (C) and 3 min (D) after the transfer of the vesicle into the
environment with MLT. The relative error of the measurements is approximately
10%.
Fig. 5. The dependence of the sucrose fraction inside the vesicle (A) and of the
time intervals between successive bursts (B) on time for one vesicle, exposed to
the action of MLT at cMLT=6 μg/ml. The measured sucrose fraction inside the
vesicle is denoted as black squares (▪) and the time intervals between
successive bursts as black dots (•). The example of the fitting of the model
predictions to the measured data is shown: the model predictions, which are
based on the assumption that the pores may increase in size, while their number
remains constant, are shown as full line in figure A and small grey dots in figure
B; the model predictions which allow the number of pores with fixed size to
increase during the experiment are represented with dashed line in A and small
empty dots in B.
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orientation of the peptides in the membrane is promoted
[4,6,15] implying that the number of dimers present in the
membrane depends on that concentration. In the model we
assume that dimers do not allow the passage of sugar molecules,
but with increasing the MLT concentration the probability that a
new monomer will join the existing dimer in the membrane
becomes greater, and pores with three or more monomers are
formed. Included are the assumptions (i) that dimers readily
separate into monomers and (ii) that pores are transmembrane
structural defects (comprising at least three MLT molecules)
that allow for a passage of sugar molecules. We allow both the
Fig. 6. The reduction of the vesicle radius with time for four of the vesicles,
responding to different MLT concentrations. The lines represent the linear fit of
themeasured data. The relative error of themeasurements is approximately 2.5%.
Fig. 7. The dependence of the vesicle surface area (Ag) on time at two different
concentrations of MLT (40 μg/ml (A) and 60 μg/ml (B)) for three of the vesicles
in each case. Agt corresponds to the initial surface area of each vesicle at the
beginning of the experiment. The lines represent the linear fit of the data. The
relative error of the measurements is approximately 10%.
1184 M. Mally et al. / Biochimica et Biophysica Acta 1768 (2007) 1179–1189size of the pore (the number of MLT monomers in the pore) and
the number of pores to depend on time and MLT concentration.
3.2.1. Low MLT concentrations (1–3 μg/ml)
At the lowest concentrations of MLT (1–3 μg/ml) the
number of pores seems to be negligible, since no change in
vesicle contents is observed. The observed perturbations of the
membrane (i.e. the occurrence of tethers) can thus be ascribed to
the effect of MLT in monomeric and dimeric form. In order to
explain the observed events (shortening of the tethers,
fluctuation of the membrane, cessation of the fluctuations and
the formation of protuberances on the inner side of the
membrane) we propose a qualitative description of the
mechanism that supports the final non-relaxed state of the
vesicle membrane (the protuberances on the inner layer). We
thus looked for a mechanism that induces a directed lipid flow
from the outer to the inner membrane leaflet.
We assume that at this concentration the MLT molecules can
be in planar or trans-membrane position and that they can return
from the perpendicular position either to the planar position in
the outer bilayer leaflet or to a planar position in the inner
leaflet. In addition, MLT molecules may associate into pairs, for
which perpendicular orientation is more favorable; the kinetics
of MLT dimer formation and dissociation can be expressed as:
dNP;2
dt
¼ kþ NP;1NL
 2
kNP;2; ð1Þ
where NP,2 is the number of dimers, NP,1 the number of bound
peptide monomers, NL the number of lipid molecules in the
outer leaflet of the vesicle membrane and k+ and k− are dimer
formation and dissociation kinetic constants, respectively. From
the inner membrane leaflet MLT molecules dissolve from the
membrane (the ability of MLT molecules to translocate the
membrane was demonstrated in the paper of Matsuzaki et al.
[13]), since the MLT concentration in the inner solution is zero
at the beginning of the experiment and still negligibly smalllater on. Upon perpendicular insertion of the molecules into the
membrane, new MLT monomers can bind to the outer
membrane leaflet to reestablish the equilibrium partitioning of
MLT molecules between the outer solution and the membrane.
A constant flow of MLT molecules from the outer to the inner
membrane layer can thus be established.
The binding and translocation of MLT molecules affect the
vesicle membrane and induce some structural modifications.
The membrane of the vesicle before the insertion into the MLT
solution has a surface area A0 and the difference between the
equilibrium surface areas of the outer and the inner membrane
leaflets is ΔA0,L. Because of the assumption that MLT binds
almost instantly to the outer leaflet, in the model ΔA0,L
increases almost instantly to ΔA0(0):
DA0ð0Þ ¼ DA0;L þ NP;1AP; ð2Þ
where the number of bound peptide monomers is proportional
to external MLT concentration (NP,1=KPNLcMLT with Kp the
Fig. 8. Predicted decrease of ΔA0 with time for different MLT concentrations.
The initial ΔA0 is proportional to cMLT (Eq. (A1)) and the slope of the line
describing the decrease of ΔA0 is proportional to the square of cMLT (Eq. (4)),
implying the diminishing of the outer layer surface because of the dimer
translocation. The proportionality coefficients are chosen to describe the
measured data at cMLT=1 μg/ml, where the vesicles fluctuate most severely at
about 20 min after the beginning of the experiment, and the same coefficients are
used also for other MLT concentrations.
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the external solution) and AP is the area increase per bound
peptide. The average membrane surface area (A0) is thus
correspondingly increased for NP,1AP/2. Consistent with the
bilayer couple model [26,27] the formation of protuberances
(tethers) on the outer side of the membrane is the consequence
of the increase of the outer layer surface area at constant inner
layer surface area (Eq. (2)), and the vesicle membrane is tensed.
The increased lateral pressure in the outer leaflet due to the
MLT insertion causes the tendency for migration of some lipid
molecules to the inner leaflet. The observation of the beads that
are forming on the inner side of the membrane leads to the
assumption that the migration of lipid molecules to the inner
leaflet continues also in the absence of the difference between
the lateral pressures of the two membrane leaflets, i.e. after the
membrane reaches the relaxed state (see Observations). There-
fore we conclude that the flow of lipid molecules is somehow
coupled to the persistent flow of MLT molecules to the inner
membrane layer, and in the following paragraph we argue that
the MLT pairs that turn perpendicularly into the membrane are
the vehicle for lipid migration. The suggestion that dimer
translocation is responsible for lipid migration arises from the
observation that the model that ascribes a certain number of
migrating lipids to the translocating dimers (proportional to
cMLT
2) describes the measured time dependence of decreasing
ΔA0 best.
We thus assume that with translocation of a MLT dimer some
lipid molecules (their number is denoted by f) are dragged to the
inner leaflet, so that there is a net flow of MLT and lipid
molecules from the outer to the inner layer. This causes the
decreasing of ΔA0:
dDA0
dt
¼ fALk NP;2 tð Þ ð3Þ
Here it has to be noted that for each lipid molecule that moves
from the outer to the inner leaflet ΔA0 is decreased for twice the
actual lipid molecule area (2AL), since upon translocation the
molecule is removed from the outer leaflet and inserted into the
inner leaflet, and that (only) a half of MLT molecules involved
in pairs (1/2 NP,2) translocate to the inner leaflet upon
disintegration of a dimer. As the binding of a new monomer
to the outer membrane leaflet is an immediate consequence of
the dissociation of a MLT molecule from the membrane into the
inner solution it does not participate to the changing of ΔA0—
the net effect is as if a MLT molecule was traveling through the
membrane without an influence on the membrane surface area.
Assuming that a stationary state is established, the number of
MLT dimers can be expressed from Eq. (1) and the expression
for the time dependence of ΔA0 obtained:
DA0 tð Þ ¼ DA0 0ð Þ  kþfAL NP;1NL
 2
t ¼ DA0  kþfALK 2P c 2MLT t:
ð4Þ
The result of the lipid flow from the outer to the inner
membrane leaflet is a decrease in ΔA0, with consequent
shortening of the tethers. The membrane from the tethers movesto the globular part of the vesicle, whose surface area thus
increases at constant vesicle volume; the vesicle eventually
becomes flaccid and starts to fluctuate. As the translocation of
the MLT dimers and the coupled lipid flow to the inner leaflet
continue, the vesicle is slowly tensed again by forming
protuberances, now on the inner side of the membrane. The
model predicts that less time is needed to reach the relaxed
membrane state (atΔA0=0 and with maximal measured surface
area) at higher MLT concentrations (Fig. 8), which is in
agreement with the measured data (Fig. 4).
To account for the observed decrease in ΔA0 the rate of
transfer of lipid molecules has to be fairly large (2×104 lipid
molecules per second for a typical vesicle with a radius of
30 μm at cMLT=1 μg/ml), implying either a large number of
lipid molecules coupled to a single translocating dimer or a
large number of translocating dimers. It should be noted that
this number still represents only a negligible fraction of lipid
molecules in the outer membrane leaflet (1/106). To estimate the
fraction of translocating MLT it is necessary to obtain the
number of bound MLT molecules in the membrane.
The upper limit of bound MLTcannot be estimated simply as
proposed in the model by Eq. (2) because ΔA0 cannot be
measured directly—the increase of surface area caused by MLT
binding is too small and takes place too quickly after the transfer
of the vesicle. We therefore interpret the measurements of the
vesicle surface area, shown in Fig. 4, with consideration that
with relaxation of the vesicle membrane the lipids flow from the
outer to the inner leaflet and the initial MLT contribution to the
area of the outer leaflet (NPAP) is redistributed between the two
membrane leaflets. When the membrane is relaxed the
membrane surface area (A0) is thus increased by NPAP/2.
However, the experimentally determined maximal increase of
the vesicle surface area comprises the increase of the membrane
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areas of the initial vesicle and the globular part of the tensed
vesicle (A0–Agt). The measured increases in surface area do not
depend only on applied MLT concentrations (1–2.5 μg/ml), but
mostly on different degrees of flaccidness for different vesicles;
the maximal increases vary from 0.3% (black circles in Fig. 4C)
to 12% Agt (empty circles in Fig. 4A). Assuming that for the
smallest measured surface area increase (0.3% Agt), all the
additional area comes from the bound MLT monomers, the
upper limit estimate of the peptide-to-lipid ratio that does not
yet induce membrane leakage is NP/NL=0.002. This result will
be commented on and compared with the results of other studies
in Discussion and conclusions.
3.2.2. Medium MLT concentrations (3–7 μg/ml)
At moderately higher MLT concentrations the probability
that new monomer will join the existing dimer is larger so that
the number of MLT pores becomes significant, enabling the
transport of sugar molecules through the membrane. Because
the smaller glucose molecules (radius rg=0.44 nm), present in
the outer solution pass through the pore more easily than the
larger sucrose molecules (rs=0.55 nm), present in the interior
solution, the number of sugar molecules inside the vesicle
increases and water flows into the vesicle to maintain the
osmotic equilibrium, causing the vesicle to swell [22]. When the
critical membrane tension is reached, the membrane opens.
After the burst the membrane reseals and the process of swelling
and bursting is repeated.
In the model it is assumed that MLT-induced pores are
cylindrical openings with radii Rp. The permeability (pi) of such
an opening for molecules with a radius ri is [28]:
pi ¼
DipR2p
d
1 ri
Rp
 2
1 2:1 ri
Rp
þ 2:09 ri
Rp
 3
0:95 ri
Rp
 5 !
;
ð5Þ
where i represents g for glucose or s for sucrose, Di is the
corresponding diffusion constant and d the thickness of the
membrane. The permeability of the membrane is determined as
the product of the number of pores (Np) and the permeability for
a single pore, Pi=Nppi. It depends on the ratio between the
sugar molecule and pore size and on the respective diffusion
coefficient as well, meaning that even with large pores (Rp>>ri)
the membrane permeability for glucose is larger than that for
sucrose molecules (Ps/Pg≈Ds/Dg≈0.8).
The number of glucose molecules (Ng) inside the vesicle
increases as
dNg
dt
¼ Pg Cgo  NgV
 
; ð6Þ
where Cgo is the glucose concentration outside the vesicle and
V is the vesicle volume. The number of sucrose molecules (Ns)
inside the vesicle decreases as
dNs
dt
¼ Ps NsV : ð7ÞBecause of the larger membrane permeability for glucose
than for sucrose molecules, water flows into the vesicle and the
vesicle volume increases. Considering the mechanical mem-
brane pressure of swollen vesicles to equal the osmotic pressure
difference, a relation between the increase of the vesicle volume
and the increase of the number of sugar molecules inside the
vesicle is obtained [22]:
DV ¼ DNg þ DNs
4ka
3kbTr
þ Cgo;
ð8Þ
where ka is the membrane area expansivity elastic constant and
r is the radius of the vesicle. When the critical volume (with the
critical membrane tension) is reached, the vesicle bursts,
ejecting part of the inner sugar solution. At the end the
membrane reseals and the process is repeated as a cascade of
membrane bursts and resealing until the concentrations of the
sugars inside and outside the vesicle are equalized.
To avoid the initial non-stationary experimental circum-
stances of fast-binding of the MLT to the membrane and the
initial flaccidity of the vesicle, predictions of the model are
compared with the experimental data only from the first burst
onwards. Between the bursts the vesicle volumeV0was increased
by ΔV=0.01 V0, as that was calculated to be the upper limit of
this parameter to obtain the observed large number of vesicle
bursts. Themeasured linear diminishing of the vesicle radius was
accounted for in the model for each vesicle individually (Fig. 6).
According to the model, described by Eqs. (5)–(8), the time
interval between the successive bursts should increase at
constant membrane permeability. The observed constant or
decreasing time intervals between successive bursts indicate
that membrane permeability for sugar molecules increases with
time. In the model the increasing permeability can be achieved
by assuming either an increasing pore radius (Rp), increasing
number of pores (Np), or a combination of these. The adjustable
model parameters required to describe both the decreasing
sucrose fraction inside the vesicle and the decreasing time
intervals between the bursts (Fig. 5) are: the initial pore radius
Rp,0, the initial number of pores Np,0, and the rates of pore radius
increase dRp/dt and of pore number increase dNp/dt. Whether
the permeability of the membrane increases because of the
growth of the pores or because of the increase in the number of
pores cannot be distinguished, since both theoretical curves fit
the experimental data fairly well (see Fig. 5). Fitting the
theoretical predictions to the experimental data yields the
dependence of the initial model parameters (Rp,0 and Np,0) on
MLT concentration (Fig. 9) and the dependence of membrane
permeability for sugar molecules on time for different MLT
concentrations (Fig. 10). The values of all model parameters
increase with increasing concentrations of MLT (Figs. 9,10); it
can be deduced that in 1 min the rate of increase of membrane
permeability increases by a factor of 1.7 at an MLT
concentration 3 μg/ml and by a factor of 2.4 at 6 μg/ml.3.2.3. High MLT concentrations (7–12 μg/ml)
At peptide concentrations of 7–12 μg/ml the vesicle under-
goes complete disintegration. It has been shown theoretically
Fig. 10. The increasing of the membrane permeability (Pm) with time for
different MLT concentrations for two model variants: one assuming the
increasing radii of the pores (at Np=const., thick line) and the other assuming
the increasing number of the pores (at Rp=const., thin line). The curve
describing Pm is obtained from Eq. (5) with averaged model parameters at each
MLT concentration. The presented time dependence of Pm enables the best fit of
model predictions (on the decreasing of the sucrose fraction inside the vesicle
and at the same time on the time intervals between the bursts) to the measured
data (as in Fig. 5).
Fig. 9. The model parameters as a function of MLT concentration, as derived
from the theoretical predictions that were fitted to the experimental data on the
sugar composition of the vesicle interior solution and on the time intervals
between the bursts. (A) Dependence of the initial pore size (Rp,0) and (B) of the
initial number of pores per unit area (Np,0/μm
2) on the MLT concentration.
Results are shown as averages of at least three independent measurements with
error bars indicating the extreme measured values.
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solution exceeds the efflux of the inner solution during the burst
[29]. For such an influx the number ofMLT-induced pores has to
be sufficiently large, while the size of the pores has to be such as
to result in a considerable difference of membrane permeability
for glucose and sucrose molecules.
3.2.4. The highest applied MLT concentrations (12–60 μg/ml)
In this range of MLT concentrations (12–60 μg/ml) it was
observed that the concentrations of sugar solutions inside and
outside the vesicle are quickly equalized and vesicles survive
the interaction with the peptide. This can be explained by the
assumption that the pores formed are in this case sufficiently
large for the ratio of membrane permeabilities for glucose and
sucrose (Pg/Ps) to attain its minimum value Dg/Ds (the ratio of
respective diffusion coefficients), and that the time before and
during the first burst suffices for the sugar concentrations toapproach the level where the efflux is larger than influx,
eventually allowing the membrane to reseal, which is in
agreement with the observation that the vesicle halo had at this
time already disappeared. The increase of the membrane surface
area with time (Fig. 7) can be interpreted in terms of the
continuous insertion of MLT molecules into the membrane. It
has been reported that MLT stimulates the release of membrane
fragments [30], which may be an explanation for the observed
disintegration of the vesicle membrane at the highest applied
MLT concentrations.
4. Discussion and conclusions
The experimental system was set for continuous monitoring
of a single giant phospholipid vesicle as it responded to the pore-
forming peptide MLT. Although the deduced elements of MLT–
vesicle interaction are the same for all the MLT concentrations
(laying of the MLT monomers in the vesicle membrane,
aggregation and translocation of MLT, the lipid flow from the
outer to the inner membrane leaflet), the behavior of a vesicle
clearly depends on the concentration ofMLT, and can be divided
into four regimes of vesicle response as different effects of MLT
action prevail: at low concentrations (a), a perturbation of the
vesicle membrane, which remains impermeable for sugar
molecules; at medium concentrations (b), permeabilization of
the membrane and its consequent periodical relaxations with
bursts; at high concentrations (c), lysis of the vesicles and finally,
at still higher concentrations (d), survival of the vesicles and
increasing of the vesicle membrane surface area. Our observa-
tions are consistent with the observations of Longo et al. [23]. At
low concentrations of MLT they report on the insertion of the
peptide without the permeation of the membrane. However, at
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vesicle as a consequence of the insertion of MLT and the
permeation of the membrane, we can distinguish between
regimes b, c and d. Namely, holding the vesicle with a
micropipette (even at a low constant tension as 0.1 dyn/cm)
does not allow the membrane to reseal after the rupture as
observed in regimes b and d. The slightly lower MLT
concentrations for the observed events in their study may be
a consequence of a different lipid composition of the
membranes (a presence of a negatively charged lipid in their
vesicle membranes).
The study of the changes of the shapes of giant vesicles and
of membrane permeability led us to a qualitative understanding
of the observed processes and to the construction of a consistent
model of MLT–membrane interaction. The main postulates of
the model are that the binding of MLT monomers increases the
area of the outer layer of the membrane, that there is a flow of
lipids coupled to the translocation of a MLT dimer to the inner
membrane leaflet, that the binding of MLT lowers the critical
membrane tension and that the MLT-induced membrane
permeability for sugar molecules increases with time. These
postulates will now be critically examined.
In the model the lipid flow from the outer to the inner leaflet
is coupled to dimer translocation. The observed diminishing of
the tethers on the outer side of the membrane and the onset of
the fluctuations of the membrane (Fig. 3A) could also be
explained by the MLT induced increase of flip-flop of lipid
molecules [31], which is a relaxation process that would reduce
the difference between lateral tensions of the two membrane
leaflets caused by the asymmetric MLT insertion. However, we
observed that the flaccid vesicles slowly transformed into
tensed vesicles by forming protuberances on the inner side,
which cannot be achieved by such a relaxation process. We
therefore looked for a mechanism that would induce a directed
lipid flow and proposed that the drag of lipid molecules is
coupled to the translocation of the MLT molecules to the inner
membrane leaflet.
The suggestion that the lipid flow is coupled to the
translocation of dimers arrives from the consideration of time
dependent occurrence of typical events at different MLT
concentrations. Namely, the membrane fluctuations were
observed sooner at higher concentrations of MLT than at
lower concentrations. Taking into account that area difference
ΔA0 increases proportionally to the MLTconcentration (Eq. (2))
and decreases because of the directed lipid flow to the inner
leaflet, the lipid flow should not just depend linearly on the MLT
concentration since that would not yield the observed time
dependences. In fact, themodel with square dependence onMLT
concentration gave satisfactory results (Fig. 8), stressing the role
of MLT dimers in the translocation of both MLT molecules and
the coupled lipid flow.
For low MLT concentrations at which the vesicle content is
obviously preserved, indicating that pores do not form, we
estimate that the peptide-to-lipid ratio (NP/NL) is less than 0.002.
This estimate is in agreement with the results of the study on
large POPC vesicles (2r≈100 nm) of Benachir and Lafleur [20]
who reported a minimum requirement of NP/NL≈2×10−3 inorder to induce efflux, with the results of Gomara et al. [32] who
demonstrated that the requirement for a peptide induced contents
efflux for pure POPCLUVs is that the peptide-to-lipid mole ratio
is above 0.001, and also with the study of Lee et al. [6], who
established that the pores form only after a threshold value ofNP/
NL≈0.016 is reached.
The only way to explain the observed initial decrease of
the time intervals between the successive bursts and of the
sucrose fraction inside the vesicles is to assume non-stationary
dynamics of pore formation causing the significant increase of
membrane permeability, which undergoes, for example, a two-
fold increase in 1 min at MLT concentration of 5 μg/ml. It is
not possible to distinguish whether the permeability of the
membrane increases primarily because of increasing pore size,
or because of an increasing number of pores of the same size,
since both theoretical curves fit the experimental data fairly
well (see Fig. 5). At any given moment, with larger MLT
concentrations the radius and number of the pores are larger
(Fig. 9), which is in agreement with the observations of
Schwarz et al. [5], Matsuzaki et al. [13], Ladokhin et al. [16],
and others (with the experiments being performed on LUVs).
In the recent work of Ambroggio et al. [33] with GUVs it was
shown that leakage of relatively large Alexa 633 Maleimide
marker molecule (M.W. 1300, with radius ∼1.1 nm) takes
place in experiments with 5 μM (7.1 μg/ml) MLT concentra-
tion, while the vesicle survives the interaction with the
peptide, and this is also consistent with our results (with our
model the initial pore radius Rp,0=1.1 nm was obtained at
cMLT=7 μg/ml).
The value of the volume increase (ΔV) required for the
vesicle to burst is also a parameter in our model; at a given
membrane permeability at smaller allowed ΔV the time interval
between the bursts is also smaller. The total number of bursts for
a given decrease of sucrose fraction inside the vesicle thus
increases. To account for the large number of bursts measured,
we estimate the upper limit of ΔV to be 1.01 V0, which is much
less than expected for pure POPC membranes (ΔV=1.06 V0,
[34]). It can be concluded that the insertion of MLT into the
membrane decreases the critical membrane tension at which
membrane ruptures, in agreement with the studies of Chen et al.
[17], Longo et al. [23] and Huang et al. [35].
The present study reveals a common mechanism of MLT
action for four different vesicle behavior regimes observed at
different MLT concentrations. The binding of MLT monomers
to the outer vesicle membrane leaflet leads to the formation of
short-lived MLT dimers, which can translocate to the inner
membrane leaflet where they dissociate and dissolve into the
inner vesicle solution. On translocation of dimers some lipid
molecules are dragged to the inner leaflet. With increasing MLT
concentration the time constants of the observed processes
change and the probability that new MLT monomers will join
the existing dimers before they dissociate, increases. Three or
more cooperating MLT monomers form a pore, where the
induced pore size and the number of pores in the membrane
increase, not only with MLT concentration, but also with time.
The presence of a significant number of MLT pores enables the
transport of small molecules through the membrane, which
1189M. Mally et al. / Biochimica et Biophysica Acta 1768 (2007) 1179–1189governs the vesicle behavior by forcing it to respond to the
changing osmotic conditions.References
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